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Abstract. Daylight devices are important components of any climate 
responsive façade system. But, the evolution of parametric CAD sys-
tems and digital fabrication has had an impact on architectural form so 
that regular forms are shifting to complex geometries. Architectural 
and engineering integration of daylight devices in envelopes with 
complex geometries is a challenge in terms of design and performance 
evaluation. The purpose of this paper is to assess daylight perfor-
mance of a building with a climatic responsive envelope with complex 
geometry that integrates shading devices in the façade. The case study 
is based on the Esplanade buildings in Singapore. Climate-based day-
light metrics such as Daylight Availability and Useful Daylight Illu-
minance are used. DIVA (daylight simulation), and Grasshopper (par-
ametric analysis) plug-ins for Rhinoceros have been employed to 
examine the range of performance possibilities. Parameters such as 
dimension, inclination of the device, projected shadows and shape 
have been changed in order to maximize daylight availability and 
Useful Daylight Illuminance while minimizing glare probability. 
While orientation did not have a great impact on the results, aperture 
of the shading devices did, showing that  shading devices with a pro-
jection of 1.75 m to 2.00 m performed best, achieving target lighting 
levels without issues of glare. 
Keywords. Parametric, Modelling, Climate-based Daylight Metrics, 
Glare, Complex Geometry. 
 Introduction 
Daylighting is a very important factor in the design of a building and could 
impact in the form of a building. Requirements of daylight quality and quan-
tity in building interiors affect building form and orientation, and the façade 
through the design of the openings (orientation, placement, size, shading, 
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complexity, etc). Daylight systems are optical devices that can be placed in 
the openings on the façade and their function is twofold: firstly to capture 
daylight and redirect it to the building interior, and secondly to protect from 
solar radiation (Garcia-Hansen, 2006). In addition, daylight devices can be 
operated automatically and manually to control daylight performance in the 
buildings (Headquarters et al., 2007). Daylighting devices considered for this 
study either reject light (shading devices) or redirect light. Redirecting or 
guiding systems can be grouped into three categories by their configuration: 
vertical elements (e.g. laser cut panels, prismatic panels), horizontal ele-
ments (e.g. light shelves) and parabolic collectors (Garcia-Hansen, 2006). 
Daylight devices are important components of any climate responsive 
regular façade system. The evolution of parametric CAD systems and digital 
fabrication has had an impact in architectural form, regular forms are shift-
ing to complex geometries (Scheurer, 2010) and daylight devices are no ex-
ception to the trend. Traditional design principles guide the design of day-
lighting devices (e.g. vertical and horizontal orientation of fins, louvers and 
awnings; vertical and horizontal guiding systems) in their application to or-
thogonal planar façades (Varendorff and Garcia-Hansen, 2012). But with 
doubly-curved envelopes used in many contemporary designs, these princi-
ples are not always applicable. As a result, the architectural and engineering 
integration of daylight devices in envelopes with complex geometries is a 
challenge not only in terms of their design but also in terms of their perfor-
mance. 
Parametric modelling not only allows the generation of new forms in ar-
chitecture but also enables designers to automatically generate a large range 
of alternative design solutions supporting geometric design explorations 
(Turrin et al., 2011). Previous studies in complex geometries and daylight 
responsive envelopes (Henriques et al., 2012; Turrin et al., 2011; Varendorff 
and Garcia-Hansen, 2012) have assessed daylighting performance based on 
static simulations (on selected days and times) using required daylighting 
levels based on standards or Green building rating tools such as LEED 
(North America), BREEAM (UK) and Green star (Australia).The shortcom-
ings of static daylighting simulations have been explained elsewhere (Nabil 
and Mardaljevic, 2006; Reinhart and Wienold, 2011). A better approach to 
the analysis of daylighting in building design may be the use of climate-
based daylight modelling (CBDM). CBDM is the prediction of luminous 
quantities using realistic sun and sky conditions derived from standardized 
meteorological data (i.e. hourly values for a full year) (Mardaljevic, 2011). 
Consequently this paper combines the capabilities of parametric model-
ling with the use of CBDM for assessment of the effect that different param-
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eters of daylighting devices (such as length, inclination, device geometry, 
etc) have on the daylight performance of a building with climatic responsive 
envelope with complex geometry. The research uses a case study based on 
the Esplanade buildings in Singapore as an example of complex geometry.  
The metrics used for the daylight performance assessment are Daylight 
Availability (DAV), Useful Daylight Illuminance (UDI) in addition to glare 
probability. DIVA (daylight simulation), and Grasshopper (parametric anal-
ysis) plug-ins for Rhinoceros software are employed for the simulation. 
Methodology 
The following steps are proposed for the assessment of daylighting perfor-
mance of case study building with complex geometry: 
Firstly, the case study building is modelled by parametric modelling 
plug-in called “Grasshopper” (GH). Secondly, through experimentation and 
evaluation daylight performance is assessed. The GH plug-in is used with 
Rhinoceros for parametric modelling. The DIVA plug-in, also designed for 
Rhinoceros, evaluates the daylighting performance at each point of the de-
sign space. DIVA uses the base programs Radiance and Daysim, which are 
suitable for the analysis and visualization of lighting in design (Lagios et al., 
2010). Radiance is the gold-standard software for daylighting and light as-
sessment. Daysim is an associated program that enables CBDM and is em-
ployed to predict illuminance, visual quality, appearance of spaces and to 
evaluate new lighting and daylighting technologies (Reinhart and Wienold, 
2011). The testing process is an iterative one. Results of the simulations are 
used to improve the design. This process is repeated until a satisfactory out-
come is achieved. 
The metrics used for daylight analysis are Useful Daylight Illuminance 
100-2000 lux (UDI 100-2000lux), Daylight Availability (DAV) and glare proba-
bility (GP). The UDI 100-2000lux metric measures the occurrence of “useful 
daylight levels”, defined as illuminances in the range between 100 to 
2000 lux. These values are based on lighting level preferences of office 
workers, not too dark, and not too bright to cause glare or overheating (Nabil 
and Mardaljevic, 2006). Previous research suggests that values less than 
100 lux are considered too low to be beneficial or noticeable, and values in 
excess of 2000 lux are associated with glare potential. 
Although there has been discussion about the upper limits for UDI, such 
as 3000 lux or even 4000 lux, this study uses the 100 to 2000 lux range, as 
higher levels could potentially produce overheating in tropical climates 
(Garcia-Hansen and Kennedy, Under review). DAV, measures the occurrence 
of lighting levels over a target illuminance (i.e. 200 lux), but also shows are-
4  SHAHAB DIN RAHIMZADEH, VERONICA GARCIA-HANSEN, ROBIN 
DROGEMULLER, GILLIAN ISOARDI 
as where there may be potential glare where lighting levels are 10 times the 
target illuminance (Reinhart and Wienold, 2011). In DAV200lux annual hourly 
occupancy schedule was calculated from 8am to 6pm weekly. Illuminance 
values of over 2000 lux are considered to create potential for glare, the fre-
quency with which this condition (> 2000 lux) is measured at a point is rec-
orded as a percentage and referred to as the Glare Probability (GP). In this 
study, values for UDI100-2000lux and DAV200lux higher than 55% are considered 
a good comfortable daylighting level in the building, and a GP value less 
than 55% is the target for appropriate performance. These targets were se-
lected to optimize daylight performance by maximizing DAV and minimiz-
ing GP in the building. 
Case study 
We present a case study based on the geometry of the Esplanade building to 
explore the parameters of shading panels on the façade system and the effect 
of components on the natural light performance in the interior space. The 
Esplanade buildings on the bay project were design by Michel Wilford and 
Partners in 2002. The building is located in Singapore at latitude 1.29° N and 
longitude 103.9° E. In this case study, the cladding façade system was used 
to control daylight performance in the building. 
Optimization 
For the design optimization process, this study assesses daylight perfor-
mance using the three metrics: DAV200lux, UDI 100-2000lux, and glare probabil-
ity. This paper evaluated two approaches to find the optimum daylight per-
formance in this case study: 
• Vary building orientation from the north to find optimal orientation 
• Vary the projection of the daylight device on the façade system to find opti-
mal dimension 
Building orientation was the initial variable in the design process and it is 
the most important parameter to consider for the design of a building with 
passive thermal and visual comfort (Krüger and Dorigo, 2008). Building ro-
tation is one way for maximizing the daylight comfort in the space. There-
fore this case study was rotated four times from the north (00, 450, 900 and 
1350) to assess the effect of orientation on daylight performance ( 
Figure 1). 
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Figure 1. Building rotation from the north to the south (Singapore sun path). 
Moreover, the daylight devices were modified to obtain the best device 
arrangement on the façade system. The shape of the devices was controlled 
by sliders in the GH plug-in to find the optimum projection of the daylight 
devices. The projection of daylight devices have been changed in nine steps 
from 0 to 2.00 m for each building orientation to find the optimum natural 
light inside the building and optimum device position on the façade system 
(Figure 2). For this study, and base on the real building, shading devices on 
the sides building have been fixed on 2.00 m and projection of the daylight 
devices at the ends have been vary from closed (2.00 m projection) to maxi-
mum aperture opening (0 m projection). On  
Figure 1 these sections of actively varied daylight devices are highlighted 
in green.  Variation in building rotation and daylight device projection were 
conducted in parallel to assess the visual comfort and optimum daylight per-
formance in the interior space. 
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Figure 2. Variation of daylight device projection on the façade system.  
Results 
USEFUL DAYLIGHT ILLUMINANCE 100-2000 LUX ANALYSIS 
UDI 100-2000lux analysis is the initial step to assess the performance of natural 
light in the case study building. Within DIVA plug-in the annual percentage 
of the useful daylight (100 to 2000 lux) per sensor (1384 sensors are placed 
on the measuring grid at 0.85 m above the ground floor) is calculated using a 
Weekly 8am to 6pm occupancy file. Error! Reference source not found. 
shows the maximum UDI 100-2000lux is about 70-90%, which is obtained for 
device projections of 1.50 m, 1.75 m and 2.00 m (highlighted on Error! 
Reference source not found.). 
Table 1. Useful Daylight Illuminance 100-2000 lux percentage regarding variation of daylight 
device projection and building orientation from the north. 
Shading device 
projection (m) 
Building orientation (degree) 
00 450 900 1350 
0 40 38 38 39 
0.25 41 40 40 41 
0.50 44 42 42 43 
0.75 47 45 45 46 
1.00 51 50 50 50 
1.25 57 57 57 57 
1.50 70 70 70 70 
1.75 88 89 90 88 
2.00 89 90 90 90 
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Interestingly, for the iterations with projection values of 1.75 m to 2.00 
m, the percentage of UDI 100-2000lux achieved for the different building orien-
tations does not change considerably. Moreover, the lower percentage UDI 
100-2000lux (achieved) of 38-51% is obtained for the devices with the most open 
position (projection from 0 m to 1.00 m). This is due to an increase in the 
duration where illuminance is above 2000 lux (i.e. access daylight penetra-
tions resulting in potential glare conditions). As we can see in Error! Refer-
ence source not found. building orientation does not seem to have an effect 
on the annual occurrence of useful daylight levels in the building, further as-
sessment was conducted using DAV200lux to analyse daylight comfort in the 
space. 
DAYLIGHT GLARE PROBABILITY ANALYSIS 
With respect to the daylight device projection for different building rota-
tions, the prevalence of GP (i.e. > 2000 lux) is shown in Figure 3. In the DI-
VA plug-in, when sensors receive negative percentage values it indicates 
that the sensors have been exposed to > 2000 lux for some duration (from -
10% to -100%). Therefore, to calculate the fraction of the floor area exposed 
to potential glare conditions in this case study, the number of sensors with 
negative percentages values has been counted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Percentage of Glare potential regarding varies of daylight device projection. 
Figure 3 clearly shows three of the simulated shading designs with glare 
probabilities below the suggested cut-off of 55% of the occupied area, (1.50 
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m, 1.75 m and 2.00 m projections) within each variation on projection, 
changing the building orientation does not significantly on the GP. The glare 
potential for 1.50 m, 1.75 m and 2.00 m obtained at 900 building rotation is 
49%, 19% and 0.2% respectively. For all building rotations, glare potential 
decreases by increasing the device projection variations. 
As it would be reasonable to expect, the optimal value with respect to 
glare potential for this system would be where the shading projection was 
maximal (2.00 m projection). In this case, the lowest GP was found at the 
orientation 90°. The high level of protection offered in this scenario may be 
associated with insufficient daylight generally, so it is observed that the less 
restrictive examples where at 1.50 and 1.75 m are also to be considered as 
performing acceptably according to the target set for GP in this study. 
DAYLIGHT AVAILABILITY ANALYSIS 
As can be seen in Figure 4, DAV200lux percentage for two daylight device var-
iations (1.75 m and 2.00 m) increases to more than 65%. On the other hand 
all other daylight device variations fall under the suggested cut-off (55%). 
However as indicated by the how frequently the illuminance values fall be-
low 100 lux, more than 10% of the area are below acceptable daylight levels 
when the daylight device projection of 2.00 m is located on the façade sys-
tem. Given these findings, it is considered that device projections of 1.75 m 
and 2.00 m are the most appropriate to provide appropriate daylight comfort 
levels. 
 
 
Figure 4. Daylight Availability regarding variation of daylight device projection. 
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The graphical distributions of DAV200lux results are shown in  
. Observing the resulting DAv200lux metric from the GH plug-in, a negative 
symbol appears in front of the DAv200lux percentage where illuminances ex-
ceed an upper limit. This symbol appears when the sensor registers values 10 
times higher than the target illuminance, in this case 2000 lux, for at least 
5% of the time. From the simulations run across all variations of orientation 
and shading projection tested, two scenarios emerged as preferred based on 
the metrics used. The first is 2.00 m projection gives the greatest from sun 
and potential glare (GP less than 0.2 %). It is within UDI range 90% of the 
time; however, time outside of this range is generally below the 100 lux lev-
el. This is consistent with the shading extent, and can be considered the con-
servative shading option. Due to the extent of this shading option, the per-
formance of this design is not significantly altered by changing building 
orientation (i.e. it rejects sun regardless of orientation). The second scenario 
worth examining is the 1.75 m projection. This design gives more daylight, 
has a comparable UDI value (88-90%). However, due to increased solar ac-
cess, it has a larger GP (19% at an orientation at 90°). Also due to the in-
creased amount of sunlight, it is demonstrated that the preferred orientation 
is 900. This is where glare probability is minimal, and DAV is maximal. 
 
 
 
 
 
 
 
 
Figure 5.  Graphical results from GH/ DIVA plug-in regarding daylight device variations and 
building rotations. 
Conclusion 
The purpose of this paper was to assess daylight performance of a case study 
building with a complex geometry that integrated daylighting devices in its 
double curvature envelope. The geometry of the building is based on the Es-
planade building in Singapore. Parametric modelling was used to explore the 
design by changing parameters such as orientation of the building, and pro-
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jection of the shading devices. Climate base daylight metrics such as useful 
daylight illuminance and daylight availability are used to assess illuminance 
levels and glare potential. The study shows that the best results achieved for 
UDI100-2000lux and DAv200lux are for the cases with device projections of 1.75 m 
to 2.00 m. These projections achieved UDI100-2000lux on average 90% of the 
time without issues of glare. However rotation of the building did not seem 
to have a great effect on the results due to the extent of these devices. The 
reason is that CBDM gives an annual average performance of the device, but 
makes no difference throughout the day or the seasons. The next step in this 
research is to simulate internal horizontal illuminance through point in time 
calculations for different times during the day and year to more clearly as-
sess the effect of the orientation in these study with the aim of producing a 
methodology for the assessment of daylighting devices integrated with fa-
cades with complex geometries applicable for different latitudes.  
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